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ABSTRACT 



Methods, apparatus, media and signals for controlling power 
drawn from an energy converter to supply a load, where the 
energy converter is operable to convert energy from a 
physical source into electrical energy. Power drawn from the 
energy converter is changed when a supply voltage of the 
energy convener meets a criterion. The criterion and the 
change in the amount of power drawn from me energy 
converter are dependent upon a present amount of power 
supplied to the load. The methods, apparatus, media and 
signals described herein may provide improvements to DC 
to AC maximum power point tracking in au energy conver- 
sion system such as a photovoltaic power generation system. 



14 




48V 



20 



30 28 



DC TO DC 


380V 


DC TO AC 


22 


_L 
I 


24 











32 



PROCESSOR 

26 



240VAC 



MAY. 31.2005 3:51 PM CHRI STENSEN OCONNOR NO. 5009 P. 5/26 

Patent Application Publication Mar. 31, 2005 Sheet 1 of 12 US 2005/0068012 Al 



ELECTRIC 
ENERGY 



ENERGY 
CONVERTER 
12 


I 


ENERGY 
TRANSFER 


■ 


LOAD 




DEVICE . 








14 













FIG.l 



31.2005 3:51PM CHRISTENSEN OCONNOR 



NO. 5009 P. 



Patent Application Publication Mar. 31, 2005 Sheet 2 of 12 US 2005/0068012 Al 



P-V CHARACTERISTICS OF A PHOTOVOLTAIC CELL 
ARRAY FOR VARIOUS VALUES OF IRRADIANCE SAT A 
TEMPERATURE OF 25°C 




OUTPUT VOLTAGE V/V 



FIG. 2 



MAY. 31.2005 3:51PM CHRISTENSEN OCONNOR 



NO. 5009 P. 7/26 



Patent Application Publication Mar. 31, 2005 Sheet 3 of 12 US 2005/0068012 Al 

.14 



.10 

\, > 46V 



30 28 

1_L 



DC TO DC 

22 



20 



380V 
"IT- 



DC TO AC 



32 



PROCESSOR 

26 



240VAC 



FIG. 3 



AC POWER 



ARRAY CURRENT ^ 



ARRAY VOLTAGE 



r 



I/O 
46 



CPU 
40 



1 — C 



PROGRAM MEMORY 
42 



^AC POWER COMMAND 



26 



RANDOM ACCESS 
MEMORY 
44 



FIG. 4 



MAY. 31.2005 3:51PM CHRISTENSEN OCONNOR 



NO. 5009 P. 8/26 



Patent Application Publication Mar. 31, 2005 Sheet 4 of 12 US 2005/0068012 Al 

MAIM ROUTINE 



K 

ACP 
AP k 



AV, 



k 



EVERY 1 


6.66mS 




r 


DC TO DC. 

AND 
DC TO AC 
CONTROL 
MODULES 




r 


CALCULATE 
REGULATION 
WINDOW 



.52 



.54 



50 




FIG. 5 



MAY. 31.2005 3:51 PM CHRISTENSEN OCONNOR 



NO. 5009 P. 9/26 



Patent Application Publication Mar. 31, 2005 Sheets of 12 US 2005/0068012 Al 

.56 



CALCULATE 



REGULATION 



WINDOW 



AP>0 AND 
"AV <0 AND ACTION -REGULATE" 
INCREASE? 



N 



60. 



dvjnp-AV 




64 



2\ 



SETdvjnp-2 




68 



SET dvjnp= 0.25 



y 

( RETURN ) 



FIG. 6 



MAY. 31.2005 3:51 PM CH R I ST EN S EN OCONNOR 



NO. 5009 P. 10/26 



Patent Application Publication Mar. 31, 2005 Sheet 6 of 12 US 2005/0068012 Al 



MPPTJtef+dvjnp 
MPPT REF 



REGULATE 
INCREASE ZONE 
70 



►V K >MPPTJ*EF+dvjnp 



74 



NO ACTION ZONE 
72 



7B 



REGULATE 
DECREASE ZONE 
77 



VV K <MPPT_REF 



FIG. 7 



MAY. 31.2005 3:51 PM CHRISTENSEN OCONNOR 



NO. 5009 P. 11/26 



Patent AppUcation Publication Mar. 31, 2005 Sheet 7 of 12 US 2005/0068012 Al 

W 

REGULATE 

6B^ 




94 



SET ACTION- 
REGULATE DECREASE 



96 




CALL LESS POWER 



c 



RETURN 



0 



SET ACTION- 
REGULATE INCREASE 



90 



CALL MORE POWER 



FIG. 8 



MAY. 31.2005 3:51PM CHRI STENSEN OCONNOR 



NO. 5009 P. 12/26 



Patent Application Publication Mar. 31, 2005 Sheet 8 of 12 US 2005/0068012 Al 

-100 



MORE 



POWER 



17SK 

ACTION - 



sweep increase? 
hi 




N 



104 



SET P sra , AS PER TABLE A 



106 



E 



SET 

POWER COMMAND ACCORDING TO 
P^ , SUBJECT TO UNIT LIMITS 







FIG.9A 



(return) 



108 



SETP ST£P -4W 



FIG.9B 



TABLE A 



AC POWER 


p sth ,(watts) 


0<ACP<40 


4 


40<ACP<100 


8 


100<ACP<200 


12 


200<ACP<400 


16 


400<ACP<800 


20 


800<ACP<P„ 


24 



MAY. 31. 2005 3:51PM CHRISTENSEN OCONNOR 



NO. 5009 P. 13/26 



Patent Application Publication Mar. 31, 2005 Sheet 9 of 12 US 2005AKHJ8012 Al 



110 



LESS POWER 



116. 




z: 



114 



DECREASE POWER DEMANDED 
FROM ARRAY BY DIFFERENCE IN 



DECREASE POWER DEMANDED 
FROM ARRAY BY FIXED AMOUNT 



ADD MPPTJNC. TO MPPTJJEF 



136 



SET BACKOFF VALUE 



SET BACKOFF VALUE TO MIN. 

1 



( END ) 

FIG. 10A 



POWERS 



NCE LAST 



MEASUREMENT 





MAY. 3 1.2005 3:51 PM C H R I ST ENS EN OCONNOR NO. 5009 P. 14/26 

Patent Application Publication Mar. 31, 2005 Sheet 10 of 12 US 2005/0068012 Al 



TABLE B 



ACP 


ULOu. 


ft /I DDT IMP 

lvlrr p 1 IIUU r 


D API/ftW 
OAutVOTtj 


1024<ACP<P MAX 


0.25 


0.25 


240 


512 < ACP < 1024 


0.5 


0.5 


.480 


256 < ACP < 51 2 


1.0 


1 0 

1 a W 


480 


128<ACP<256 


1.5 


1.0 


480 


96<ACP<128 


2.0 


1.0 


480 


0<ACP<96 


4.0 


1.0 


480 


/ 

128 


/ 

126 


/ 

134 


/ 

138 



FIG. 10B 



MAY. 3 1. 2005 3:51 PM 



CHRISTENSEN OCONNOR 



NO. 5009 P. 15/26 



Patent Application Publication Mar. 31, 2005 Sheet 11 of 12 US 2005/0068012 Al 



FIND MPPT 



153 




SET 

ACTION-SWEEP 
DECREASE 



162 



'?J CALLLESS 
POWER 



163 



V RESET LOOP 
TIMER 



FIG. 11A 






156 


SET 

ACTION -SWEEP 
INCREASE 



r 



170 



SET 

ACTION-SWEEP 
DECREASE 



166 



CALL MORE 
POWER 




\ CALL LESS 
POWER 



SET 

ACTION-SWEEP 
INCREASE 



17.8 



V 



I 



CALL MORE 
POWER 




X REDUCE MPPT REF BY 1/8 V 
UNLESS MPPT"REf<40V 



RESET VARS & 
RESET LOOP 
TIMER 

1 



^return) 



WAY. 31.2005 3:51 PM CHRISTENSEN OCOMNOR NO. 5009 P. 16/26 

Patent Application Publication Mar. 31, 2005 Sheet 12 of 12 US 2005/0068012 Al 



TABLE C 



AC POWER 


MPPTJJMIT 


1024<AC POWER 


0.25 


512 < AC POWER < 1024 


0.5 


0<AC P0WER<512 


1.0 



FIG. 11B 



MAY. 31. 2005 3:51PM CHRI STENSEN OCONNOR 



NO. 5009 P. 17/26 



US 2005/0068012 Al 

1 



METHOD AND APPARATUS FOR CONTROLLING 
POWER DRAWN FROM AN ENERGY 
CONVERTER 

BACKGROUND OF THE INVENTION 

[00011 1- Field of Invention 

[0002] This invention relates to energy conversion and 
more particularly to methods and apparatus for controlling 
power drawn from an energy converter operable to convert 
energy from a physical source into electrical energy. 

[0003] 2. Desertion of Related Art 

[0004] Energy conversion devices such as photovoltaic 
arrays arc commonly used to provide power to electrical 
loads. Often these loads are direct current (DC) loads such 
as batteries, for example. Recently, efficiencies in power 
conversion devices are giving rise to solar power systems 
that supply power to an alternating current (AC) load such 
as an AC power grid such as may be operated by a public 
utility company. Such power systems may employ a photo- 
voltaic array and an interface for converting power in a form 
received from the photovoltaic array into a form operable to 
be received by the AC power grid. Such an interface may 
involve a DC to AC inverter. 

[0005] Interfaces of the type described above often seek to 
cause maximum power to be provided to the AC power grid. 
The mayi'mum power available to be provided to the AC 
power grid depends upon the conditions under which the 
energy conversion device is operated and in the case of a 
photovoltaic array, these conditions include the amount of 
insolation and the temperature of the array, for example. A 
maximum power point, or voltage at which maximum power 
may be extracted from ihe array, is a desirable point at which 
to operate the array and conventional systems seek to find 
mis point. The maximum power point changes however, due 
to changes in insolation and due to changes in temperature 
of the array and thus control systems are employed to 
constantly seek this point. 

[0006] One way of seeking the maximum power point is 
to periodically perturb and observe the power output of the 
array and then adjust the power demanded from the array 
accordingly to cause the voltage of the array to be as close 
as possible to the maximum power point. Typically, such 
perturb and observe methodologies involve perturbing the 
present power supplied to the load by a fixed amount such 
as 4 warts, for example and then observing the effect on 
power supplied by the array and the voltage measured at the 
array. Perturbing involves temporarily increasing the power 
supplied to the load by a fixed amount such as 4 waits, for 
example. If the change in power is negative and voltage 
measured al the array drops by a significant amount, too 
much power is being extracted from the array and the power 
demand on the array must be reduced, in which case the 
power supplied by the array is usually reduced by some fixed 
incremental value, such as 4 walls, for example. If the 
voltage does not change by a significant amount when the 
power is perturbed, perhaps not enough power is being 
extracted from the array and the present power drawn from 
the array must be increased in which case the power 
demanded from the array is usually increased by a fixed 
amount, such as 4 watts. 

[0007] The above described perturb and observe method- 
ology is typically conducted at the switching speed of a 
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switching mode power supply connected 10 the array, e.g. 3 
100 kHz, and results in a dithering of power drawn from the 
array, in fixed amounts. Where the incremental amount is 4 
watts for example, as described above, there will be a 
constant dithering of power demanded from the array, in the 
amount of 4 watts about a common mode value which may 
be approximately equal lo the maximum power output of the 
array. When the load is an AC power grid, the load effec- 
tively fluctuates at the line frequency of the grid, which in 
North America is typically 60 Hz. Consequently, the 100 
kHz perturb and observe frequency of most switching mode 
power supplies used to supply DC loads is too fast for 
applications where the load is an AC power grid. Thus, the 
perturb and observe frequency must be decreased. 

[0008] However, decreasing the perturb and observe fre- 
quency can waste power, especially when changes in inso- 
lation occur. 

[0009] Changes in insolation can change the maximum 
power available from the array from say 200 watts to 2000 
watts in a matter of seconds. This situation may occur when 
a cloud, for example, moves or dissipates from a position 
blocking sunlight shining on the array to a position in which 
full sun is received on the array. With 4 watt power incre- 
ments, and a perturb and observe period of 50 mSec, the 
lime to change the power drawn from the array from 200 
watts to 2000 watts would be about 22 seconds. During this 
period the full available power is not being drawn from the 
array resulting in inefficient operation. 

SUMMARY OF THE INVENTION 

[0010] In accordance with one aspect of the invention 
there is provided a method of controlling power drawn from 
an energy converter to supply a load, where the energy 
converter is operable to convert energy from a physical 
source into electrical energy. The method involves changing 
the amount of power drawn from the energy converter when 
a supply voltage of the energy converter meets a criterion, 
said criterion and a change in the amount of power drawn 
from the energy converter being dependent upon a present 
amount of power supplied to the load. 

[0011] The method may involve measuring the supply 
voltage. 

[0012] Changing the power drawn from the energy con- 
verter may include decreasing the power drawn from the 
energy converter by an amount corresponding to a change in 
the power supplied to the load in a time interval, or it may 
include increasing the power drawn from the energy con- 
verter by an amount associated with a range of power 
supplied to the load. 

[0013] The method may involve deeming the supply volt- 
age satisfies the criterion when the supply voltage is within 
a first range of voltages relative to a reference voltage. The 
reference voltage may correspond to a maximum power 
point of the energy conversion device. The first range may 
include voltages greater than the reference voltage, or the 
first range may include voltages less than the reference 
voltage. Alternatively, the first range may include voltages 
less than the reference voltage and voltages greater than the 
reference voltage. The first range may exclude a range of 
voltages within a limit of the reference voltage, and the first 
range may be dependent upon a trend in measured voltage. 
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The first range may be dependent Upon a change in voltage 
occurring after an increase in power. Moreover, the first 
range may be bounded between minimum and maximum 
limits. 

[0014] The meihod may further involve performing the 
method periodically, and defining a period for performing 
the method periodically. Defining the period may include 
de fining the period as a function of the power supplied to the 
load. The method may involve increasing xhe period when 
the power supplied to the loa4 is relatively low and decreas- 
ing the period when the power supplied to the load is 
relatively high. 

[0015] The method may further involve adjusting the 
reference voltage periodically, or may involve increasing the 
reference voltage when a change in power drawn from the 
energy converter results in a change in supply voltage within 
a second range. The second range may be dependent upon 
the amount of power being supplied to the load The second 
range may be relatively small when a relatively large amount 
of power is supplied to the load and the second range may 
be relatively large when a relatively small amount of power 
is supplied to the load. The amount by which the reference 
voltage is decreased may be dependent upon the amount of 
power supplied to the load. The amount by which the 
reference voltage is decreased may be relatively large when 
ihe amount of power supplied to the load is relatively low 
and the amount by which the reference voltage is decreased 
may be relatively low when the amount of power supplied 
to the load is relatively high. 

[0016] In accordance with another aspect of the invention 
there is provided an apparatus for controlling an energy 
transfer device operable to draw electrical energy from an 
energy converter operable TO convert energy from a physical 
source into electrical energy and supply the electrical energy 
to a load. The apparatus includes a load power sensor 
operable to measure power supplied to the load by the 
energy transfer device, a voltage sensor operable to measure 
a supply voltage the energy converter, and a processor, in 
communication with the voltage sensor, the load power 
sensor and the energy transfer device. The processor is 
configured to cause the energy transfer device to change the 
amount of power drawn from the energy convener when the 
supply voltage of the energy converter meets a criterion, 
wherein said criterion arid the change in power drawn from 
the energy converter is dependent upon a present amount of 
power being supplied to the load. 

[0017] The processor may be configured to decrease the 
power drawn from the energy converter by an amount 
corresponding to a change in the power supplied to the load 
in a time interval. Alternatively, the processor may be 
configured to increase the power drawn from (he energy 
converter by an amount associated with a range of power 
supplied to the load. 

[0018] The processor may be configured to deem that the 
supply voltage satisfies the criterion when the supply voltage 
is within a first range of voltages relative to a reference 
voltage. The reference voltage may correspond to a maxi- 
mum power point of the energy conversion device. 

[0019] The first range may include voltages greater than 
the reference voltage, it may includes voltages less than the 
reference voltage, or it may include voltages less than the 



reference voltage and voltages greater than ihc reference 
voltage. The first range may exclude a range of voltages 
within a limit of the reference voltage, and may be depen- 
dent upon a trend in measured voltage. The first range may 
further be dependent upon a change in voltage occurring 
after an increase in power, and may be bounded between 
minimum and maximum limits. 

[0020] The processor may be configured to periodically 
measure the supply voltage and change the power drawn 
from the energy converter accordingly, and may be further 
configured to define a period for measuring the supply 
voltage, and the period may be defined as a function of the 
power supplied to the load. The processor maybe configured 
to increase the period when the power supplied to the load 
is relatively low and decrease the period when Use power 
supplied to the load is relatively high. 

[0021] The processor may be configured to adjust the 
reference voltage periodically. Tbe processor may be con- 
figured to increase the reference voltage when an increase in 
power drawn from the energy converter results in a change 
in supply voltage within a second range. The second range 
may be dependent upon the amount of power being drawn 
from the energy converter. The second range may be rela- 
tively small when relatively large amounts of power are 
being drawn from the energy converter and the second range 
may be relatively large when relatively small amounts of 
power arc being drawn from the energy converter. The 
processor may be further configured to decrease the refer- 
ence voltage by an amount dependent upon the amount of 
power supplied to the load. In particular, the processor may 
be configured to decrease the reference voltage by a rela- 
tively large amount when the power supplied to the load is 
relatively low and to decrease the reference voltage by a 
relatively small amount when the power supplied to the load 
is relatively high. The apparatus may include an output 
operable to provide a power command signal to the energy 
transfer device, and the processor may be configured to 
produce the power command signal to represent the change 
in power to be drawn from the energy conversion device. 

[0022] In accordance with another aspect of the invention 
(here is provided a system including the foregoing apparatus 
and further including the energy transfer device. The energy 
transfer device may include a DC to DC converter connected 
between the energy convener and the load, and may also 
include a DC to AC inverter connected between the DC to 
DC converter and the load. The system may further include 
the load, and the load may include aa AC power grid. The 
processor may include an output operable to provide a 
power command signal to the energy transfer device, and the 
processor may be configured to produce the power com- 
mand signal to represent the change in power to be drawn 
from the energy conversion device. 

[0023] la accordance with another aspect of the invention 
there is provided an apparatus for controlling an energy 
transfer device operable to draw electrical power from an 
energy converter operable to convert energy from a physical 
source into electrical energy, and supply the electrical 
energy to a load. The apparatus includes provisions for 
measuring power supplied to the load by the power transfer 
device, provisions for measuring a supply voltage of the 
energy converter, and provisions, in communication with the 
provisions for measuring power, the provisions for mcasur- 
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ing voltage and the energy transfer device, for changing the 
amount of power drawn from the energy converter by the 
energy transfer device when a supply voltage of the energy 
converter meets a criterion, wherein said criterion and a 
change in the amount of power drawn from the energy 
converter are dependent upon a present amount of power 
being supplied to the load. 

[0024] In accordance with another aspect of the invention 
there is provided a computer readable medium encoded with 
codes for directing a processor circuit to control an energy 
transfer device operable to draw power from an energy 
converter operable to convert energy from a physical source 
into electrical energy, and supply the energy to a bad, the 
codes directing the processor circuit to cause the energy 
transfer device to change the amount of power drawn from 
the energy converter when a supply voltage of the energy 
converter meets a criterion, said criterion and a change in the 
amount of power drawn from the energy converter is depen- 
dent upon a present amount of power supplied to the load. 

[0025] In accordance with another aspect of the invention 
there is provided a computer readable signal encoded with 
codes for directing a processor circuit to control an energy 
transfer device operable to draw power from an energy 
converter operable to convert energy from a physical source 
imo electrical energy, and supply ihe energy to a load, the 
codes directing the processor circuit to cause the energy 
transfer device to change the amount of power drawn from 
the energy converter when a supply voltage of the energy 
converter meets a criterion, said criterion and a change in the 
amount of power drawn from the energy convener being 
dependent upon a present amount of power supplied to the 
load. 

[0026] Other aspects and features of the present invention 
will become apparent to those ordinarily skilled in the art 
upon review of the following description of specific embodi- 
ments of the invention in conjunction with the accompany- 
ing figures. 

BRIEF DESCRIPTION OF TOE DRAWINGS 

[0027] In drawings which illustrate embodiments of the 
invention, 

[0026] FIG- 1 is a block diagram of an energy conversion 
system according to a first embodiment of the inventioa 

[0029] FIG. 2 is a graph of power-voltage characteristics 
of a photovoltaic cell array for various values of insolation 
S at a temperature of 25 degrees Celsius - 

[0030] FIG. 3 is a block diagram of an energy transfer 
device according to an embodiment of the invention. 

[0031] FIG. 4 is a block diagram of a processor circuit of 
the load interface shown in FIG. 3. 

[0032] FIG. 5 is a flow chart of a main routine executed 
by the processor circuit shown in FIG- 4. 

[0033] FIG. 6 is a flow chart of a regulation window 
calculation subroutine called by the main routine shown in 
FIG. 5. 

[0034] FIG. 7 is a schematic representation of regulation 
zones associated with the photovoltaic array shown in FIG. 
2. 



[0035] FIG. 8 is a flow chart of a regulate routine called 
by the main routine shown in FIG. 5. 

[00361 FIG. 9A is a flow chart of a more power routine 
called by the regulate routine shown in FIG. 8. 

[0037] FIG. 9B is a table for determining a change in 
power according to a current AC power being provided by 
the system shown in FIG. 3. 

[0038] FIG. 10A is a flow chart of a less power routine 
called by the regulate routine shown in FIG. fi. 

[0039] FIG- 10B is a Table relating present AC power to 
a DC offset value, an MPPT increase value and a back-off 
value used by the second portion of the less power routine 
shown in FIG. 10A 

[0040] FIG. 11A is a How chart of a find MPPT subroutine 
called by the main routine shown in FIG. 5. 

[0041] FIG. 11B is a Table relating current AC power to 
an MPPT limit used by the find MPPT subroutine shown in 
FIG.UA. 

DETAILED DESCRIPTION 

[0042] Referring to EIG. 1 an energy supply system 
according to a first embodiment of the invention is shown 
generally at 10. The system includes an energy converter M 
and an energy transfer device 14 which together cooperate 
to supply energy to a load 16. 

[0043] The energy converter 12 is of a general class of 
energy conversion devices that are able to supply electrical 
power in response to a supply of physical energy. Such 
devices are able to be operated under conditions where the 
supply voltage and supply current produced by the device 
are optimized such that for a given physical power input a 
maximum electrical power, jue. a maximum working power 
is produced The supply current and supply voltage condi- 
tions under which maximum working power can be 
extracted from the energy conversion device change depend- 
ing upon the physical power available and operating con- 
ditions of the device. 

[0044] For example, the energy converter 12 may include 
a photovoltaic array and the energy transfer device 14 may 
include a DC to AC converter for supplying electrical energy 
to an AC load such as an AC power grid. 

[0045] Where the energy converter 12 includes a phoU> 
voltaic array, physical energy in the form of light energy is 
convened by the photovoltaic array into electrical energy. 
The maximum working power that can be drawn from the 
photovoltaic array depends upon the physical power avail- 
able, ie. the amount of light insolating the array and the 
temperature of the array. For every insolation and tempera- 
ture combination there is a maximum power point at which 
the supply voltage and supply current produced by the array 
are optimized to cause maximum energy conversion effi- 
ciency, or in other words to allow the most working power 
possible to be drawn from the array. 

[0046] Changes in voltage at the array are effected by 
changes in the amount of current drawn from (he array. In 
general, the greater the current draw, the less the voltage. 
Since the power drawn from the array may be calculated as 
the product of the current and voltage at the array, the power 
output of the array may be plotted relative to voltage as 
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shown in ETG. 2, for various levels of insolation. From FIG, 
2 iL can be seen that the power output of the photovoltaic 
array increases to a point and then decreases with increasing 
array voltage. The point at which the power is the greatest 
is the maximum power point. The embodiment described 
herein seeks to find this maximum power point and regulate 
the output voltage of the array to it, 

[0047] In the embodiment shown, referring back to FIG. 
1, in accordance with one aspect of the invention, the energy 
transfer device 14 controls the power drawn from the energy 
converter 12 by measuring a supply voltage of the energy 
converter and when the measured supply voltage satisfies a 
first criterion dependent upon the power supplied to the load, 
the amount of power drawn from the energy converter is, in 
one mode of operation, changed by an amount dependent 
upon the amount of power being supplied to the load 16. 
Changing the amount of power being drawn from the energy 
converter may involve decreasing the power by an amount 
corresponding to a change in the power supplied to the load 
during a time interval or increasing the source power by an 
amount associated with a range of output power. 

[0048] Referring to FIG. 3, to appreciate how the energy 
transfer device 14 can produce this effect, the following 
example is provided in which the energy converter 12 is a 
photovoltaic array 18 and the energy transfer device 14 
includes a Xantrex Sun tic® utility grid interactive inverter 
20. The inverter 20 employs two conversion stages including 
a DC to DC converter 22 operable to convert input power 
from the array 18 at a nominal supply voltage of 48 volts to 
stored power at a voltage of about 380 volts. This converter 
is a closed loop device and is operable to provide power at 
a constant DC voltage of 380 volts. The inverter 20 further 
includes a DC to AC inverter 24 operable to convert the 
stored power at 380V into AC power at 240 RMS volts. The 
bad 16 is an AC power grid operated by a public utility 
company, for example. 

[0049] The power inverter 20 has a processor 26 operable 
to control the DC to DC converter 22 and DC to AC 
converter 24 to chaoge the amount of working power drawn 
from the array 18 to correspondingly change the amount of 
working power supplied to the AC load 16. To do this the 
inverter 20 includes a DC current sensor 28 tor sensing the 
current supplied by the array 18, a DC voltage sensor 30 for 
s ensing the supply voltage at the array 18, and an AC power 
sensor 32 for sensing AC power supplied to the AC load 16. 
These sensors 28, 30 and 32 are in communication with the 
processor 26 and the controller is able to read and interpret 
signals therefrom as array current (Ik), array voltage (Vk) 
and AC power (ACP) respectively. The sensors 28, 30 and 
32 may respectively provide a current measurement resolu- 
tion of about 62,5 mA, a voltage resolution of about 0.125V, 
and an AC power resolution of about 1 W, for example. 

[0050] Referring to FIG. 4, the processor 26 may include 
a microchip PIC 16F876A, for example, having a CPU 40, 
a program memory 42> random access memory 44 and an 
I/O interface 46. Signal lines 48, 50 and 52 operable to 
receive a signal from the DC current sensor 28, a signal from 
the DC voltage sensor 30 and a signal from the AC power 
sensor 32, respectively, are connected to the I/O interface. 
The I/O interface 46 also provides an AC power command 
signal to the DC to AC inverter 24, specifying a desired AC 
power to be supplied to the AC power grid 16 In general, in 
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response to the DC current signal, the DC voltage signal and 
the AC power signal, an appropriate AC load power com- 
mand signal is produced by the processor 26 to control the 
DC to AC inverter 24 such that maximum power is extracted 
from the array 18. 

[0051] The processor 26 may be the same processor used 
to control switching of transistors in the DC to DC converter 
22 and the DC to AC converter 24, for example, and 
programs for controlling the DC to DC converter 22 and DC 
to AC converter 24 may be Stored in the program memory 
42. In addition, the program memory 42 may be pro- 
grammed with codes for directing the processor 26 to carry 
out methods according to various embodiments and aspects 
of the embodiment of the invention as described herein. In 
particular, these codes may cause the processor 26 to imple- 
ment control routines described by way of the flowcharts, 
tables and graphs shown in FIGS. 5-11B, to effect the 
functionality of the methods according to this embodiment 
of the invention. 

[0052] Referring to £16. 5, a main routine according to 
the first embodiment of the invention is shown generally at 
50. This routine is run every 16.66 rmlliscconds. This 16.66 
millisecond period is chosen because it is the period of the 
line frequency (60 hertz) of the AC power supplied to the 
grid Thus, the main routine is invoked once for every cycle 
of the AC waveform provided to the AC power grid. 

[0053] The main routine begins by causing the processor 
26 to execute any DC to DC and DC to AC control modules, 
as shown at 52. As part of these modules, a measurement of 
the photovoltaic array voltage Vk is taken, a measurement of 
the current Ik produced by the photovoltaic array is taken 
and an AC power measurement ACP is taken. Also within 
these modules, the array voltage Vk and array current Ik 
measurement values are multiplied together to produce a 
power value Pk associated with the current pass through the 
routine. A power value calculated from one or more previous 
passes through the routine may be stored to enable a change 
in power value to be calculated within these modules. A 
representation of a change in power dP from one pass 
through the routine to the next is required in subsequent 
routines described herein. Similarly, a change in voltage dV 
from one pass to next is calculated for use in subsequent 
routines. 

[0054] After rompleujjg the DC to DC and DC to AC 
control modules 52, block 54 directs the processor 26 to a 
"calculate regulation window" routine. 

[0055] Referring to FIG. 6, the "calculate regulation win- 
dow* 1 routine is shown at 56 and begins with a first block 58 
that causes the processor 26 to determine whether the 
change in power since the last pass is greater than zero and 
whether the change in voltage since the last pass is less than 
or equal to zero and whether or not a state variable labeled 
"action" is equal to a regulate increase state. (The way in 
which the action state variable is set will be described 
below). 

[0056] Assuming the above conditions are met, block 60 
directs the processor 26 to sei a variable referred to as 
dv mp equal to the change in voltage since the last increase 
in power caused by a "more power" routine described below, 
and is thus dependent upon the trend in measured array 
voltage. Block 62 then directs the processor 26 to determine 
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whether this dv_mp value is greater than a prc-sct valve, in 
ihis instance 2?0 volts, and if so, block 64 directs Ihc 
processor 26 to set the dv_mp value lo 2.0. Block 66 directs 
the processor 26 to determine whether the dv_mp value is 
less than another predetermined value, in this case 0.25 
volts, and if so, block 68 directs the processor 26 to set ihe 
dvmp value equal to 0.25 volts. In effect, blocks 62 through 
68 cause the processor 26 to set the dv_mp value to the 
average change in voltage over the last two power increases 
between a maximum value of 2,0, and a minimum value of 
0.25. 

[0057] Referring to FIG. 7, the dvmp value is used to 
define a boundary between a regulate increase zone shown 
generally at 70 and a no-action zone shown generally at 72 
among Ihe possible range of array voltages V^. The effect of 
changes in dvjnp are to adjust up or down, the boundary 
between the regulate increase zone 70 and the no-regulate 
zone 72 indicated by line 74* The no-action zone 72 is 
denned between this boundary 74 and a line 76 determined 
by a maximum power point tracking reference voltage 
(MPPT_ref) which is initially set at about 84% of the open 
circuit voltage of the array in this embodiment. Below this 
line 76 a regulate decrease zone 77 is established The 
regulate increase zone 70 acts as a first range of voltages 
relative to a reference voltage corresponding to a maximum 
power point of the array, and includes voltages greater than 
the reference voltage (MPPTref). The regulate decrease 
zone includes a range of voltages less than the reference 
voltage (MPPTjref). A first range of voltages for which 
criteria for changing the amount of power drawn from the 
array arc considered to be met thus includes voltages in the 
regulate increase and regulate decrease zones 70 and 77 and 
excludes a range of voltages within a limit of the reference 
voltage, i.e., the no-action zone 72. Thus the criteria for 
changing the amount of power drawn from the energy 
converter are whether or not the array voltage is within (he 
regulate increase zone 70 or the regulate decrease zone 77. 

[005S] When the change in voltage on successive passes 
through the routine shown in FIG. 6 is low, the no-adion 
zone 72 is relatively small and the regulate increase zone 70 
is relatively large. Conversely, when the dv_mp value is 
large, the no-action zone 72 is large and the regulate increase 
zone 70 is relatively small The 025 and 2.0 lower and upper 
limits effectively bound the first range of voltages for which 
the criteria for changing the amount of power drawn from 
the array are met within minimum and maximum limits. 

[0059] Referring back to FIG. 6, effectively the calculate 
regulation window value routine sets the dv_rnp value to 
establish the boundary 74 shown in FIG. 7 between the 
regulate increase zone 70 and the no-action zone 72 thus 
defining the width of the no-regulate zone. The establish- 
ment of the variable-sized no-action zone 72 eliminates 
dithering and allows the processor circuit to change its 
sensitivity to changes in voltage, depending upon the trend 
in voltage increases and decreases. 

[0060] Referring back to FIG, 5, after calculating the 
regulation window, block 80 directs the processor 26 to 
deterrnine whether a loop time out value has occurred Later 
in the main routine 50, the loop value is set as shown al 
block 82 as will be described below. An initial loop value of 
50 milliseconds, for example, may be set such that for 
example, on every third pass through the main routine 



shown at 50, the loop time out value will expire, and as 
shown at block 84, control of the processor 26 will pass to 
a regulate routine. 

[0061] Referring to FIG. 8, the regulate routine is shown 
in greater detail at 85 . The regulate routine begins with a first 
block 86 that directs the processor 26 lo determine whether 
the present voltage of the array is greater than the sum of the 
MPPT-ref voltage and the dv_mp value. In other words, this 
block determines whether or" Dot the array voltage V k is in 
the regulate increase zone 70 shown in FIG. 7. If so, block 
68 directs the processor 26 to set the action state variable to 
"regulate increase" and then a "more power" routine is 
called as shown at 90 to increase the power drawn from the 
array. It however, at block 86, the array voltage V k is not in 
the regulate increase zone 70, block 92 directs the processor 
26 to detennine whether the anay voltageV t is in the 
regulate decrease zone 77. If so, block 94 directs the 
processor 26 to set the action slate value to "regulate 
decrease 11 and block 96 directs the processor 26 to call a 
"less power*' routine lo reduce the power demanded from the 
array. If Ihe array voltage V k is in neither the regulate 
increase zone 70 or Ihc regulate decrease zone 77 as deter- 
mined by blocks 86 and 92, the regulate routine 85 is ended 
and the processor 26 is returned to the remaining portion of 
FIG, 5 (block 150). Referring to FIG. 7, when the voltage 
of the array is in the no-action zone 72, no action is taken to 
increase or decrease the power demanded from the array. 

[0062] Referring back to FIG. 8, when the processor 26 
calls the more power routine as shown at block 90, the more 
power routine shown at 100 in FIG. 9A is executed. 
Generally, the more power routine 100 begins with a first 
block 102 that causes the processor 26 to determine whether 
or not the array voltage V k is greater than the sum of the 
MPPTjref voltage and a predefined value, for example, 2,0 
volls. When the array voltage V k is more than 2.0 volts 
above the MPPTjcf voltage, block 104 direcls Ihe proces- 
sor 26 to set a power step variable according to Table 2 
shown in FIG. 9B. Use of this table involves using the 
presently measured AC load power value as an index to the 
table to determine which of a plurality of power ranges, the 
present AC load power value falls into. If the AC load power 
value is between zero and 40 volts, for example, the power 
step value is set to 4 walls. If the AC load power is between 
800 walls and the maximum power available, the power step 
value is set to 24 watts, for example. In general, progres- 
sively larger AC load power ranges arc associated with 
progressively larger power step values. 

[0063] Once the power step value is known, referring back 
to FIG. 9A, block 106 causes the power command signal to 
be set according to the power step value to increase the 
power demanded from the array by the power step value, 
subject to unit limits- Referring back to FIG. 9B, it will 
appreciated that as the AC load power increases, the power 
step value increases and thus the change in power in the 
power command is larger, at larger AC load power values. 

[0064] Referring back to FIG, 9A, if the array voltage V t 
is not greater than (MPFT_rcrV2.0 ), block 108 sets the 
power step value to a fixed value, in this case 4 watts, and 
block 106 causes the power command to be increased to 
request 4 more waits from the array. In effect, the more 
power routine 100 provides for larger increases in power 
demanded from the array when the array voltage V k is 
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relatively high and toe supplied AC load power is high. 
Similarly, when the array voltage is closer to the MPP- 
T ref value, a smaller, fixed change in power is used, since 
ifis assumed mat the array is operating closer to the 
maximum power point. The effect of varying the change in 
power according to the present AC power being supplied to 
the load and subject to the array voltage meeting the 
indicated condition, provides for wide increases in power at 
higher AC load power levels, thus allowing the maximum 
available power from the array to be supplied to the AC grid 
quicker, than if a fixed, relatively small step size such as 4 
watts were used. This allows ihe system to achieve iis 
optimal operating point very quickly, allowing it to change 
its output from 200 W to 2000 W in about four seconds, for 
example. 

[0065] Referring back to FIG. 8, when the array voltage 
V is less than the MFPTjef value, the less po wef routine is 
called at block 96, 

[0066] The less power routine is shown in FIG. 10A, with 
further reference to FIG. 10B. Afirst part of the less power 
routine is shown in FIG. 10A at 110 and begins with a first 
block 112 that causes the processor 26 to determine whether 
the change in power since the last pass through the main 
routine shown in FIG- 5 is negative. If so, block 114 directs 
the processor 26 to issue a power command to ibe DC to AC 
converter to cause a decrease in the power demanded from 
the array by an amount equal to the difference in power 
demanded since the last pass through the main routine. On 
the other hand, if the change in power is not negative, i.e., 
zero or positive, block 116 directs the processor 26 to issue 
a power command mat decreases the power demanded from 
the array by a fixed amount such as 4 watts, for example. In 
effect, block 114 decreases the power demanded from the 
array by an amount depending on the change of power, and 
block 116 decreases the power demanded from the array by 
a fixed amount. 

[0067] After either block 114 or 116 has been executed, a 
second part of the less power routine as shown at 115 is 
executed This second part 118 of the less power routine 
includes a first block 120 that causes the processor 26 to 
determine whether or not a backoff timer has timed out. If 
not, the less power routine is ended. If so, block 122 directs 
the processor 26 to determine whether or not the action state 
variable has been set to "regulate decrease". If not, then the 
less power routine is ended. If so, however, block 124 directs 
the processor 26 to use Table B of FIG. 10B to determine a 
DC offset value shown in column 126 associated with an AC 
load power range shown in column 128 in which the current 
AC load power falls. Then, block 130 directs the processor 
26 to detenmnc whether or not the present array voltage V k 
is less than the current MPPTref value less the DC offset 
value found in block 124 and if not, the Jess power routine 
is ended. If the array voltage V k is less than the MPPTjef 
less the DC offset, ix., it is within a second range, blockl32 
increases the MPPT_ref value by the amount indicated in 
Column 134 of Table B in FXG- 10B associated with the 
power range in which the current AC load power falls- Thus, 
the second range is dependent upon the amount of power 
being supplied to the load. The second range is relatively 
small when a relatively large amount of power is supplied to 
the Load and is relatively large when a relatively small 
amount of power is supplied to the load. Any increases in 
MPPTjefmay be limited to ensure MPFT-ref is no greater 
than the open circuit voltage of the array less some guard 
value such as 3 volts, for example. (The open circuit voltage 
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of the array may be measured periodically to allow for 
changes in the open circuit voltage to be monitored.) 

[0068] Similarly, block 136 directs the processor 26 to set 
a back-off timer value selected from column 138 in Table B 
of FIG, 10B associated with the AC power range in which 
the current AC power falls- 

[0069] Referring back to FIG. 10A, block 140 tben directs 
me processor 26 to determine whether or not the current 
adjusted MPPT_ref value is less than 85% of the open circuit 
voltage of the array. (The open circuit voltage is previously 
known from initial measurements). If the MPPTref value is 
not less than 85% of the open circuit voltage of the array, the 
less power routine is ended, leaving the back-off value at 
that which was selected from Table B in FIG. IOC. Other- 
wise, if the MPPTjtf value is less than 85% of the open 
circuit voltage of the array, block 142 directs the processor 
circuit to set the backoff value to a minimum value which, 
in this embodiment may be 240, for example. The effect of 
the second part of the less power subroutine is to prevent 
constantly changing conditions from excessively adjusting 
the MPPTref value too often. Effectively, the MFPTjef 
value is increased only when the regulation routine 
described above is not able to keep the array voltage 
above a threshold value. 

[0070] Referring back to FIG. 5, after the call regulate 
routine has been executed, or if the loop timeoul vahie has 
not yet been reached, the processor 26 is directed to block 
150 of FIG. 5. 

[0071] Block 150 directs the processor 26 to determine 
whether it is time to find a new MFPTjof value. To do this, 
a timer may be preprogrammed with an appropriate value to 
cause the timer to time out every 10 seconds, for example. 
Thus, every 10 seconds, it is lime to find a new MFPTjef 
value. Provisions may be included for ensuring the source 
power is above some niinimum value such as 20 Watts, for 
example, before enabling the 10 second timer. Initially, the 
MPPTjef value is set to about $4% of th e open circuit 
voltagTof the array. This is typically aboui«9%> higher ihan"> 10% 
the expected MMFT_ref value for most photovoltaic arrays, 
but it allows the circuit to more readily adapt to different 
arrays. This also eliminates the need to sweep the array. 

[0072] When the timer time s out, block 152 directs the 
processor circuit to call a rind MPFT subroutine as shown at 
153 in FIG. 11A, with reference to FIG. 11B. Referring to 
FIG, 11A, the find MPPT routine 153 begins with a first 
block 156 that directs the processor 26 to determine whether 
or not this is the first pass through the routine. Detection of 
whether or not the present pass through the routine is the first 
p ass may be achieved by detecting whether or not a first pass 
flag (not shown) has been set and if not set, setting it and 
directing the processor to block 158. If the fi rst pas s flag has 
been set, then the present pass through the MPPT routine is 
not the first pass and the processor is directed to block 168. 
When the present pass through the routine is the first pass, 
block 158 directs the processor 26 to determine whether the 
array voltage V k is less than the MPPTref voltage, Le., 
whether the array voltage is within the regulate decrease 
zone shown in FIG. 7. If so, block 160 directs the processor 
26 to set the action state variable to "sweep decrease" and 
then block 162 directs the processor 26 to call the less power 
routine described in FIG. 10A. Block 163 then directs the 
processor 26 to reset the MPPT loop timeout value so that 
another ten seconds will pass before the find MPPT routine 
is run again. The routine is ended after block 163. 
[0073] If at block 158 the array voltage V_k is not less 
than the MPPTref value, block 164 directs the processor 
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circuit to set the action state variable to "sweep increase" 
and block 166 directs the processor 26 to call the more 
power routine shown in FIG. 9B. Referring back to FIG, 
11A, after the more power routine has been called, the 
MPPT routine is ended. 

[0074] Referring back to FIG. HA, if at block 156 it is 
determined that the current pass is not the first pass through 
this routine, the processor 26 is directed to block 16& which 
causes it to determine whether or not the change in power 
since the last pass through this routine, is greater than or 
equal to zero. If not, block 170 directs the processor 26 to set 
the action state variable to "sweep decrease*' and block 172 
directs the processor 26 to call the less power routine shown 
in FIGS. 10A. As described above, the less power routine 
includes blocks that employ table B in FIG. 10B io increase 
MPPT rcf. The effect of the table is to use the current AC 
load power to determine an array voltage limit below which 
no increase in MPPTjef occurs and above which a specific 
increase dependent upon current AC power is effected. This 
also makes the circuit sensitive to trends in power, rather 
than to instantaneous power, 

[0075] Referring back to FIG* 11A, if at block X6S, the 
change in power is less than zero, the processor 26 is 
directed to block 174 which causes it to determine whether 
or not the change in voltage since the last pass through this 
routine is less than or equal to a threshold value of, in this 
embodiment, 2 volts for example. Block 176 then directs the 
processor 26 to set the action state variable to "sweep 
increase" and block 178 directs the processor 26 to call the 
more power routine shown in FIG, 9A- 

[0076] Referring to FIG. 9A, the more power routine 
includes a block 179 shown in broken outline which deter- 
mines whether or not the action state variable is equal to 
"sweep increase" as set by block 176 in FIG. 11A. If so, the 
processor 26 is directed to block 102 of FIG. 9A wherein the 
power step value is set to 4 watts such that block 106 causes 
a power command to be issued to request 4 more watts from 
the system. 

[0077] Referring back to FIG. 11A, block 162 directs the 
processor 26 to determine whether or not the present power 
being provided to the AC grid by the system is within 
pre^ecified limits. If not, the find MPPT routine is ended. 
If so, block 154 directs the processor 26 to dcterrnine 
whether a total decrease of the MPPTjef value as of this 
pass through the routine is less than an MPPT limit value 
established according to Table C in FIG, UB in response to 
the present AC power provided by the system. If so, block 
186 is permitted to reduce the MPPT_ref value by V&* volts 
unless the MPPTref value j$ less than 40 volts, which in 
this case is a miniSmm voltage bound. The Vt volt reduction 
is equivalent to the resolution of the voltage sensor 30. The 
bounds checking at blocks 164 and 186 avoids excessive 
changes in MPPTref and instead makes the circuit sensitive 
to power trends rather than instantaneous power values. In 
general, the amount by which MPFTjef is decreased is 
dependent upon the amount of power supplied to the load 
and is relatively large when the power supplied to the load 
is small and is relatively small when the power supplied to 
the load is large. After block 166, the find MPPT routine is 
ended but the MPPT loop rimer is not reset, therefore on the 
next pass through the main routine shown in FIG. 5, it will 
still be time to find MPPT and another pass through the 
MPPT routine will be initiated, 

[0076] After the call less power routine is invoked at block 
172, or the change in voltage is not less than or equal to Vth 



at block 174, or the AC Power is not less than the P owcr- 
limii-Pth al block 182 or the total decrease of MFPTjref is 
not less than MPPTJimit at block 164, block 167 directs the 
processor 26 to reset variables and reset the MPPT loop 
timer to cause the process or to wail another ten seconds 
before executing the find MPPT routine again- 

[0079] The effect of the MPPT rouiine is-^wfaile the 
change in power is greater than or equal to zero and while 
the change in voltage is less than or equal to the threshold 
voltage— to reduce the MPPTref value by ft* volts on each 
pass through (he routine until a maximum reduction amount 
is achieved, the maximum reduction amount being deter- 
mined by the present AC load power beiog provided to the 
AC grid. When the present AC load power is low, the MPPT 
limit is high, whereas when the present AC power is high, 
ihe MPPT limit is low. The MPPT routine thus acts as a 
modified perturb and observe routine that decreases MPP- 
Tref while the less power routine serves to increase MPP- 
Tjcf. Both of these routines adjust the MPPTref value on 
the basis of the present amount of power being supplied to 
the load. Consequently, the apparatus tracks the maximum 
power point of the energy converter more accurately. Since 
the MPPTjcf value is dependeni upon the pre sent power 
being supplied to the load and since the MPPjut V alue ^ MPPTL 
establishes the boundaries shown in FIG, 7. Effectively the 
criteria to be met by the array voltage to cause a change in 
Ihe amount of power drawn from the array are dependent 
upon the present power being supplied to the load. 

[0060] After completion of the MPPT routine shown in 
FIG. HA, the processor 26 is directed back to block 62 of 
FIG. 5. Block 62 directs the processor 26 to set the loop 
value for the loop timeout test at block 60 as a function of 
he power supplied to the load. In this embodiment, setting of 
ihe loop value is done according to the formula (2560/ 
(AC_power+l) subject to upper and lower bounds which in 
this embodiment arc 60 and 3 respectively. When the 
dynamic loop value is 60 for example, the loop time out and 
hence the regulate routine will be run every second and 
when the dynamic loop value is 3, for example, the loop time 
out and hence the regulate routine will occur approximately 
every 50 milliseconds, or 20 times per second. The loop 
value is dependent Upon the AC power and as the AC power 
increases, the loop value decreases causing the loop time out 
to occur more frequently. Similarly, as AC power decreases, 
loop time out occurs less frequently. When the amount of 
power supplied to the AC load is low, capacitors in the DC 
to DC converter and in the DC to AC converter are the 
" source of power for any increases in power and thus any 
increase in load measured at the array will be delayed. 
Consequently, it is desirable to cause the loop timeout to 
occur more frequently so that the processor can react more 
quickly to increases in the AC load. When operating at high 
power levels, the capacitors are being drained more quickly 
and thus, changes in load arc more readily seen by the 
processor and therefore more frequent loop timeouts serve 
no useful purpose. Thus, at high power levels the loop 
timeout value can be high resulting in less frequent moni- 
toring by the processor circuit The specific formula for 
calculating the loop value is appropriate for the Suntie© 
inverter and it will be appreciated that in other systems 
employing different capacitors, the formula may be different 
with the general goal of enabling the processor circuit to 
respond less frequently at low AC power levels and more 
frequently at high power levels. 

[0081] Effectively the method and apparatus described 
herein cause power to be extracted from an energy converter 



MAY. 31. 2005 3:54PM 



CHRI STENSEN OCONNOR 



NO. 5009 P. 24/26 



US 2005/0068012 Al 

8 



in a manner in which maximum power is drawn from the 
energy converter. This is achieved by operating the energy 
converter such that current is drawn at a level that maintains 
the supply voltage of the energy convener as close as 
possible to a maximum power point tracking voltage of the 
energy converter. Since this maximum power point tracking 
voltage changes with operating conditions of the energy 
converter, one part of the control method described herein 
updates this maximum power point tracking voltage and 
another pan adjusts the amount of power drawn from the 
energy converter to cause the energy convener voltage to 
track as close as possible to the maximum power point 
tracking voltage. 

[0082] The methods and apparatus described herein effec- 
tively load the energy converter until the power extracted 
from the energy converter starts decreasing and the voltage 
of the energy converter is also decreasing. This condition 
signifies tbal the energy converter is operating past its peak 
power point The energy convener voltage at this point is 
considered a reference voltage (MPPTrcf) and subse- 
quently, the level of current drawn from the energy converter 
is generally maintained such that the voltage of the energy 
converter is held as close as possible to this reference value, 
at least until it is updated. 

[0083] In general where switching power supplies arc used 
in conjunction with an energy convener, such devices have 
little tolerance for being on the negative side of the MPP- 
T^ref point and are subject to collapse. Therefore the control 
methods and apparatus described herein attempt to keep the 
energy converter voltage on the positive side of the MPP- 
T_ref point. Furthermore, in the specific application 
described herein DC to DC switching power supplies driv- 
ing DC to AC inverters generally do not act in a linear 
manner to changes in power imposed by the DC to AC 
converter, especially due to power storage in each device. 
Thus, the methods and apparatus described herein attempt to 
observe trends in power and voltages to ensure more reliable 
operation and set changes in the amount of power drawn 
from the energy converter on the basis of power supplied to 
the load rather than power drawn from the energy converter 
to enable these control methods to be used in DC to AC 
energy conversion applications, 

[0084] While specific embodiments of the invention have 
been described and illustrated, such embodiments should be 
considered illustrative of the invention only and not as 
limiting the invention as construed in accordance with the 
accompanying claims. 

What is claimed is: 

L A method of controlling power drawn from an energy 
converter to supply a load, where the energy converter is 
operable to convert energy from a physical source into 
electrical energy, the method comprising changing the 
amount of power drawn from the energy converter when a 
supply voltage of the energy converter meets a criterion, said 
criterion and a change in the amount of power drawn from 
the energy converter being dependent upon a present amount 
of power supplied to the load 

2. The method of claim 1 further comprising measuring 
said supply voltage. 

3 The method of claim 1 wherein changing said power 
drawn from the energy converter comprises decreasing said 
power drawn from the energy converter by an amount 
corresponding to a change in said power supplied to the load 
in a time interval. 
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4. The method of claim 1 wherein changing said power 
drawn from the energy converter comprises increasing said 
power drawn from the energy converter by an amount 
associated with a range of power supplied to the load. 

5. The method of claim 1 further comprising deeming said 
supply voltage satisfies said criterion when said supply 
voltage is within a first range of voltages relative to a 
reference voltage. 

6*. The method of claim 5 'wherein said reference voltage 
corresponds to a maximum power point of the energy 
conversion device. 

7- The method of claim 5 wherein said first range includes 
voltages greater than said reference voltage. 

8. The method of claim 5 wherein said first range includes 
voltages less than said reference voltage. 

9. The method of claim 5 wherein said first range includes 
voltages less than said reference voltage and voltages greater 
than said reference voltage. 

10. The method of claim 5 wherein said first range 
excludes a range of voltages within a limit of said reference 
voltage. 

11. The method of claim 5 wherein said first range is 
dependent upon a trend in measured voltage. 

12. The method of claim 11 wherein said first range is 
dependent upon a change in voltage occurriog after an 
increase in power. 

13. The method of claim 12 wherein said first range is 
bounded between minimum and maximum limits. 

12- The method of claim 1 further comprising performing 
said method periodically. 

13. The method of claim 12 further comprising defining a 
period for performing said method periodically. 

14. The method of claim 13 wherein defining said period 
comprises denning said period as a function of said power 
supplied to the load. 

15. The method of claim 14 further comprising increasing 
said period when said power supplied to the load is relatively 
low and decreasing said period when said power supplied to 
the load is relatively high. 

16. The method of claim 5 further comprising adjusting 
said reference voltage periodically. 

17. The method of claim 5 further comprising increasing 
said reference voltage when a change in power drawn from 
the energy converter results in a change in supply voltage 
within a second range. 

18. The method oE claim 17 wherein said second range is 
dependent upon the amount of power being supplied to the 
load. 

19. The method of claim 18 wherein said second range is 
relatively small when a relatively large amount of power is 
supplied to the load and wherein said second range is 
relatively large when a relatively small amount of power is 
supplied to the load. 

20. The method of claim 17 wherein an amount by which 
said reference voltage is decreased is dependent upon the 
amount of power supplied to the load. 

21. The method of claim 20 wherein the amount by which 
said reference voltage is decreased is relatively large when 
the amount of power supplied to the load is relatively low 
and wherein the amount by which said reference voltage is 
decreased is relatively low when the amount of power 
supplied to the load is relatively high. 

22. An apparatus for controlling an energy transfer device 
operable to draw electrical energy from an energy converter 
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operable to convert energy from a physical source into 
electrical energy, and supply said electrical energy 10 a load, 
the apparatus comprising: 

a load power sensor operable to measure power supplied 
to the load by the energy transfer device; 

a voltage sensor operable to measure a supply voltage the 
energy converter; and 

a processor, in communication with said voltage sensor, 
said load power sensor and the energy transfer device, 
said processor being configured to cause the energy 
transfer device to change the amount of power drawn 
from the energy convener when the supply voltage of 
the energy converter meets a criterion, said criterion 
and the change in power drawn from the energy con- 
verter being dependent upon a present amount of power 
being supplied to the load. 

23. The apparatus of claim 22 wherein said processor is 
configured to decrease said power drawn from the energy 
converter by an amount corresponding to a change in said 
power drawn from the energy converter in a time interval. 

24. The apparatus of daim 22 wherein changing said 
processor is configured to increase said power drawn from 
the energy converter by an amount associated with a range 
of power supplied to the load. 

25. The apparatus of claim 22 wherein said processor is 
configured to deem said supply voltage satisfies said crite- 
rion when said supply voltage is within a first range Of 
voltages relative to a reference voltage. 

26. The apparatus of claim 25 wherein said reference 
voltage corresponds to a maximum power point of the 
energy conversion device. 

27. The apparatus of claim 25 wherein said first range 
includes voltages greater than said reference voltage. 

2S- The apparatus of claim 25 wherein said first range 
includes voltages less than said reference vohage. 

29. The apparatus of claim 25 wherein said first range 
includes voltages less than said reference voltage and volt- 
ages greater than said reference voltage. 

30. The apparatus of claim 25 wherein said first range 
excludes a range of voltages within a limit of said reference 
voltage. 

31. The apparatus of claim 2$ wherein said first range is 
dependent upon a trend in measured voltage. 

32. The apparatus of claim 31 wherein said first range is 
dependent upon a change in voltage occurring after an 
increase in power. 

33. The apparatus of claim 32 wherein said first range is 
bounded between minimum and maximum limits. 

34. The apparatus of claim 22 wherein said processor is 
configured to periodically measure said supply voltage and 
change said supply power drawn from the energy converter 
accordingly. 

35. The apparatus of claim 34 wherein said processor is 
configured to define a period for measuring said supply 
voltage. 

36. The apparatus of claim 35 wherein said processor is 
configured to define said period as a function of said power 
supplied to the load. 

37. The apparatus of claim 36 wherein said processor is 
configured to increase said period when said power supplied 
to the load is relatively low and decrease said period when 
said power supplied to the bad is relatively high. 
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38. The apparatus of claim 25 wherein said processor is 
configured to adjust said reference voltage periodically. 

39. The apparatus of claim 25 wherein said processor is 
configured to increase said reference voltage when a change 
in power drawn from the energy converter results in a 
change in supply voltage within a second range. 

40. The apparatus of claim 39 wherein said second range 
is dependent upon the amount of power being drawn from 
the energy converter. 

41. The apparatus of claim 40 wherein said second range 
is relatively small when a relatively large amount of power 
is being drawn from the energy converter and wherein said 
second range is relatively large when relatively small 
amounts of power are being drawn from the energy con- 
verter. 

42. The apparatus of claim 39 wherein said processor is 
configured to decrease said reference voltage by an amount 
dependent upon the amount of power supplied to the load. 

43. The apparatus of claim 42 wherein said processor is 
configured to decrease said reference voltage by a relatively 
large amount when the power supplied to the load is 
relatively low and to decrease said reference voltage by a 
relatively small amount when the power supplied to the load 
is relatively high. 

44. The apparatus Of claim 22 wherein said processor 
includes an output operable to provide a power command 
Signal to said energy transfer device, and wherein said 
processor is configured to produce said power command 
signal to represent said change in power to be drawn from 
the energy conversion device. 

45. A system comprising the apparatus of claim 1 and 
further comprising said energy transfer device. 

46. The system of claim 45 wherein said energy transfer 
device includes a DC to DC convener connected between 
said energy converter and said load. 

47. The system of claim 46 wherein said energy transfer 
device includes a Do to AC inverter connected between said 
DC to DC converter and said load. 

4$. The system of claim 45 further comprising said load. 

49. The system of claim 48 wherein said load includes an 
AC power grid. 

50. The system of claim 45 wherein said processor 
includes an output operable to provide a power command 
signal to said energy transfer device, and wherein said 
processor is configured to produce said power command 
signal to represent said change in power to be drawn from 
the energy conversion device. 

51. An apparatus for controlling an energy transfer device 
operable to draw electrical power from an energy converter 
operable to convert energy from a physical source into 
electrical energy, and supply said electrical energy to a load, 
the apparatus comprising: 

means for measuring power supplied to the load by the 
power transfer device; 

means for measuring a supply voltage of the energy 
converter, and 

means, in communication with said means for measuring 
power, said means for measuring voltage and the 
energy transfer device, for changing the amount of 
power drawn from the energy converter by the energy 
transfer device when a supply voltage of the energy 
converter meets a criterion, said criterion and a change 
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in the amount of power drawn from the energy con- 
verter being dependent upon a present amount of power 
being supplied to the load. 
52. A computer readable medium encoded with codes for 
directing a processor to control an energy transfer device 
operable to draw power from an energy converter Operable 
to convert energy from a physical source into electrical 
energy, and supply said energy to a load, the codes directing 
Uie processor to cause the energy transfer device to change 
die amount of power drawn from the energy converter when 
a supply voltage of the energy converter meets a criterion, 
said criterion and a change in the amount of power drawn 
from the energy converter being dependent upon a present 
amount of power supplied to the load. 
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53. A computer readable signal encoded with codes for 
directing a processor to control an energy transfer device 
operable to draw power from an energy converter operable 
to convert energy from a physical source into electrical 
energy, and supply said energy to a load, the codes directing 
the processor to cause the energy transfer device to change 
the amount of power drawn torn the energy converter when 
a supply voltage of the energy converter meets a criterion, 
said criterion and a change in the amount of power drawn 
from the energy converter being dependent upon a present 
amount of power supplied to the load. 

***** 
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